Lymnaea stagnalis is a holarctic freshwater snail inhabiting shallow littoral zones of stagnant waters such as lakes and ponds. It is an SUMMARY Understanding the outcomes of host-parasite interactions in nature is in high demand as parasites and pathogens are important for several ecological and evolutionary processes. Ecological immunology (ecoimmunology) has a key role in reaching this goal because immune defence is the main physiological barrier against infections. To date, ecoimmunological studies largely lean on measuring constitutive immune defences (components of defence that are always active). However, understanding the role of inducible components of immune function is important as the immune system is largely an inducible defence. Measuring such defences can be complicated as different parasites may activate different immune cascades, and expression of different immune traits may not be independent. We examined the suitability of different immune activation techniques for the freshwater snail Lymnaea stagnalis. By experimentally challenging snails with different immune elicitors [injection with snail saline (i.e. wounding), lyophilized Escherichia coli cells, lyophilized Micrococcus lysodeikticus cells, healthy snail gonad, and trematodeinfected snail gonad; maintenance in microorganism-enriched water] and measuring phenoloxidase-like and antibacterial activity of their haemolymph, we found increased immune activity against some immune elicitors, but also decreased activity. Our findings suggest potentially complicated relationships among immune traits, and propose suitable techniques for ecological studies in this study system.
INTRODUCTION
Current ecological and evolutionary biological research shows wide interest in host-parasite interactions because parasites and pathogens are ubiquitous and fundamentally important for both ecological and evolutionary processes (reviewed by Hatcher and Dunn, 2011; Schmid-Hempel, 2011) . In understanding these processes, ecological immunology [or ecoimmunology (Demas and Nelson, 2012) ] has a key role as immune defence is the main physiological barrier against infections (reviewed by Janeway et al., 2005) . In fact, ecoimmunological studies have proven to be very useful in understanding the outcomes of host-parasite interactions and thus disease dynamics by linking the host physiology and ecological factors affecting susceptibility in a natural context.
The majority of ecoimmunological studies have focused on measuring constitutive defences, in other words, the components of immune function that are always active (Janeway et al., 2005) . However, the immune system is largely an inducible defence system; after recognising 'non-self' agents, different immune cascades are activated, leading to production of immunological effectors that eliminate and/or control invaders (Janeway et al., 2005) . Therefore, understanding the role of inducible components of immune function in host-parasite ecology is in high demand. Measuring inducible defences, however, requires the use of proper immune activation techniques. In many systems, effective methods for activating host immune function have been developed (see Moret and SchmidHempel, 2000; Råberg and Stjernman, 2003; Rantala et al., 2000; Saino et al., 1997) . In many others, however, results of activations are difficult to interpret, leading to a high number of ecologically relevant studies remaining unpublished. These problems could be at least partly due to the lack of knowledge of the effects of various immune elicitors on different immune cascades, and the relationships among immune traits in their expression.
In this study, we examined the suitability of different immune activation techniques for ecoimmunological research in the freshwater snail Lymnaea stagnalis (L.). We compared the activation of two commonly measured immune parameters of snail haemolymph [phenoloxidase (PO)-like activity and antibacterial activity (see Seppälä and Jokela, 2010; Seppälä and Jokela, 2011)] after exposing snails to different immune elicitors. We expected variation in the effects of immune elicitors because of potentially specific immune responses. Our results showed increased levels of immune defence against some immune elicitors in the examined immune parameters, but also reduced activity in some cases. These results suggest potentially complicated relationships among immune cascades in L. stagnalis and highlight the importance of thorough pre-testing as well as careful interpretation of results in ecoimmunological studies using immune activation. important host for a community of parasites including several highly virulent trematode species (Väyrynen et al., 2000) that castrate the snails and increase their mortality (e.g. Karvonen et al., 2004) . Lymnaea stagnalis is currently used in ecoimmunological studies examining context dependence of snail immune function [e.g. effects of resource availability (Seppälä and Jokela, 2010) and ambient temperature (Seppälä and Jokela, 2011) ], as well as interactions among genetic and environmental factors in determining immune function (Seppälä and Jokela, 2010) . Previous work in this system has, however, mainly focused on constitutive defences, and techniques to investigate inducible defences have not been well developed. Experimental snails used in the present study came from a laboratory stock population (F 2 generation) originating from a pond in Dättnau, Switzerland (47°29′N, 8°41′E).
Experiment 1: injections with immune elicitors
In the first experiment, we randomly assigned snails (shell length 27.3-42.0mm) into six different treatment groups (15 individuals per treatment; there was no difference in the size of the snails in different treatments; ANOVA: F 5,84 =1.566, P=0.179) . In all groups, we anaesthetized the snails by placing them into 2% diethyl ether for 2min. After that, we treated each snail according to its treatment group. In the first group, we did not expose snails to any immune elicitor after anaesthesia, and used them as non-exposed controls. In the second group, we injected 100μl of snail saline (see Standen, 1975) into the side of the foot of each snail using a syringe (0.24mm×16mm Microlane TM 3, BD, Franklin Lakes, NJ, USA). This treatment examined the effect of wounding in activating immune defence when compared with uninjected snails (see above), and also served as a control group for the treatments involving injections of immune elicitors into the snail tissues (see below). In the third and the fourth groups, we injected each snail as above using lyophilized Escherichia coli (Sigma-Aldrich, Steinheim, Germany) and Micrococcus lysodeikticus (synonym Micrococcus luteus; Sigma-Aldrich) cells (0.5mgml -1 in snail saline), respectively. We chose to use both a gram-negative (E. coli) and a gram-positive (M. lysodeikticus) bacterium as they could differ in their effect on activation of snail immune function [lipopolysaccharides of gram-negative bacteria and peptidoglycans of gram-positive bacteria are recognized by the host immune system (Montminy et al., 2006; Poltorak et al., 1998; Takehana et al., 2002) ]. In the fifth and sixth groups, we injected each snail with healthy and Plagiorchis sp. (Trematoda)-infected gonad tissue [a mixture from two other snail individuals per treatment that originated from a pond in Winterthur, Switzerland (47°28′N, 8°43′E)], respectively. We dissected these snails and crushed the gonads of each of them in a 1.5ml tube using a plastic pestle. We diluted 100μl of the crushed tissue (i.e. healthy gonad or a mixture of gonad and parasite sporocysts) into 1ml of snail saline, vortexed the mixture and centrifuged it briefly. We collected the supernatant and used that in injections. After injections, we placed the snails individually into plastic cups filled with 0.2l of aged tap water (20°C) and fed them with fresh lettuce ad libitum.
Six hours after the injections, we sampled snail haemolymph to estimate the immunocompetence of target snails. We removed the snails from their containers, blotted them dry and collected haemolymph samples by gently tapping the foot of each snail to induce the expulsion of blood (Sminia, 1981) . We collected samples to measure the PO-like and antibacterial activity of snail haemolymph. PO is a component of oxidative defences employed mainly against eukaryotic pathogens (see Cerenius and Söderhäll, 2004) , whereas humoral antimicrobial proteins are used to resist microbial infections (see Imler and Bulet, 2005) . Both of them are important components of immune defence in invertebrates including molluscs (e.g. Allam et al., 2006; Bahgat et al., 2002; Butt and Raftos, 2008; Hellio et al., 2007; Hernroth, 2003; Mitta et al., 2000; Muñoz et al., 2006) . We snap-froze the haemolymph samples in liquid nitrogen [10μl of haemolymph mixed with 100μl of phosphate buffered saline (PBS; pH7.4) for PO activity assay, and 70μl of pure haemolymph for antibacterial activity assay], and stored them at −80°C.
At a later date, we thawed the stored haemolymph samples on ice and measured their PO-like and antibacterial activity. In the PO assay, we placed 40μl of a sample into a 96-well microtiter plate well containing 140μl of ice-cold water and 20μl of ice-cold PBS. After that, we added 20μl of ice-cold L-DOPA (Sigma-Aldrich) solution (4mgml -1 in H 2 O) into the well and allowed the reaction to proceed at 30°C. In the reaction, L-DOPA is oxidized, which leads to an increase in the absorbance of the solution. We measured the absorbance at 480nm using a microtiter plate reader (Infinite 200, Tecan, Salzburg, Austria) immediately after adding the L-DOPA and again after 6h. In addition, we measured four nonhaemolymph controls (haemolymph replaced with water) per microtiter plate to control for non-enzymatic oxidation of L-DOPA. We then calculated the PO-like activity as differences in absorbance between the measurement times (absorbance after 6h -absorbance at time 0; the mean change in non-haemolymph controls was subtracted from the data). We recorded the change in absorbance as milliunits. Note that the used method measured the amount of active PO in snail haemolymph, not the amount of zymogenic proPO (see Cerenius and Söderhäll, 2004) .
In the antibacterial activity assay, we measured the antibacterial activity of snail haemolymph against lyophilized E. coli cells. We placed 50μl of a sample into a 96-well microtiter plate well and mixed it with 200μl of E. coli solution (0.35mgml -1 in sodium phosphate buffer; pH6.0) at 20°C. In the reaction, antimicrobial enzymes destroy bacterial cells, which leads to a decrease in the absorbance of the solution. We measured the absorbance at 450nm using a microtiter plate reader (Infinite 200) immediately after mixing the haemolymph and bacteria and again after 30min. In addition, we measured four non-haemolymph controls (haemolymph replaced with water) per microtiter plate to control for changes in absorbance caused by factors other than antibacterial activity of haemolymph. We then calculated the antibacterial activity as differences in absorbance between the measurement times (absorbance at time 0 -absorbance after 30min; the mean change in non-haemolymph controls was subtracted from the data). We recorded the change in absorbance as milliunits.
Experiment 2: exposure to opportunistic microorganisms
In the second experiment, we randomly assigned snails (shell length 27.6-48.2mm) into two different water quality (clean and microorganism-enriched) and exposure time (6h and 2days) treatments (15 individuals per treatment combination; there was no difference in the size of the snails in different treatment groups; ANOVA: water quality, F 1,56 =1.172, P=0.284; exposure time, F 1,56 =1.298, P=0.256; water quality × exposure time, F 1,56 =0.224, P=0.638). The aim of the water quality treatment was to manipulate snail immune activity by predisposing snails to a community of opportunistic microorganisms that grow in water (see Moret et al., 2010) . These microorganisms invade the snails as a part of normal exchange between snail haemolymph and the surrounding water, which challenges their immune function (Rigby and Jokela, 2000 in H 2 O) for 5days. Before use, we made a 1:3 dilution in aged tap water. We placed the snails individually into plastic cups filled with 0.2l of water according to their treatment (20°C) and fed them with fresh lettuce ad libitum. We changed the water for snails maintained for 2days after 1day. After exposures, we took the haemolymph samples and measured the immune parameters as described above. We could not measure PO-like activity from one snail and excluded it from further analysis.
Statistical analyses
To examine the effects of experimental treatments on snail immune defence in Experiment 1, we first analysed the variation in snail immune function using a multivariate analysis of variance (MANOVA). In this analysis, we used PO-like activity and antibacterial activity of snail haemolymph as response variables, and experimental treatment [no injection, injection with snail saline (i.e. wounding), injection with E. coli, injection with M. lysodeikticus, injection with healthy gonad, injection with trematodeinfected gonad] as a fixed factor. We log-transformed PO-like activity to fulfil the assumptions of MANOVA. We also analysed the data using a model that included the shell length of the snails as a covariate, but as the covariate was not statistically significant we did not use it in the final model. After this, we analysed the variation in each response variable separately using ANOVAs with similar models as above complemented with contrasts to examine whether the observed effects were similar across different immune parameters. We used specific contrasts to compare each treatment group with its control group (i.e. injection with snail saline versus no injection; injections with immune elicitors versus injection with snail saline). We also estimated the potential phenotypic trade-off between PO-like and antibacterial activity of snail haemolymph. To do this we examined the relationship between the parameters at an individual level by correlating the residuals of the variables from the above ANOVA models using a Pearson's correlation. This way we were able to control for the effects of experimental treatments.
To examine the effects of experimental treatments on snail immune defence in Experiment 2, we first analysed the variation in snail immune function using a MANOVA. In this analysis, we used POlike activity and antibacterial activity of snail haemolymph as response variables, and water quality (clean, microorganism-enriched) and exposure time (6h, 2days) as fixed factors. We included the interaction between the factors into the model. We also analysed the data using a model that included the shell length of the snails as a covariate, but as the covariate was not statistically significant we did not use it in the final model. After this, we analysed the variation in each response variable separately using ANOVAs with similar models as above to examine whether the observed effects were similar across different immune parameters. We also estimated the relationship between POlike and antibacterial activity of snail haemolymph at an individual level as above. We performed all statistical analyses using SPSS 19.0 software (IBM, Armonk, NY, USA).
RESULTS

Experiment 1: injections with immune elicitors
In general, the level of snail immune activity varied across different treatments (MANOVA: Pillai's trace=0.440, F 10,168 =4.734, P<0.001; Fig.1 ). Both PO-like and antibacterial activity of snail The Journal of Experimental Biology 216 (15) haemolymph differed among treatment groups (ANOVAs: PO-like activity: F 5,84 =10.023, P<0.001; antibacterial activity: F 5,84 =3.513, P=0.006), but the observed effects differed between the measured immune parameters. Wounding (i.e. injection with snail saline) increased the PO-like activity of snail haemolymph compared with the snails that did not receive any injection (contrast estimate=0.252, P=0.027; Fig.1A ). Injections with any of the used immune elicitors did not lead to further increase in PO-like activity. The level of POlike activity in snails injected with E. coli and M. lysodeikticus cells was decreased compared with the snails injected with snail saline (E. coli: contrast estimate=-0.431, P<0.001; M. lysodeikticus: contrast estimate=-0.623, P<0.001; Fig.1A ), and the snails injected with healthy and trematode-infected gonad tissue did not show any responses (healthy gonad: contrast estimate=-0.083, P=0.470; trematode-infected gonad: contrast estimate=-0.023, P=0.844; Fig.1A ). Wounding did not affect the antibacterial activity of snail haemolymph compared with the snails that did not receive any injection (contrast estimate=-1.547, P=0.556; Fig.1B ). Injection with M. lysodeikticus cells increased the level of antibacterial activity compared with the snails injected with snail saline (contrast estimate=9.220, P=0.001; Fig.1B ), but the snails injected with other Fig.2 ). The level of PO-like activity in snails maintained in microorganism-enriched water was higher compared with the snails maintained in clean water (Table1, Fig.2A) . Furthermore, the difference in PO-like activity between water quality treatments showed a tendency towards being higher after 6h maintenance compared with 2days maintenance (Fig.2A) , which was indicated by the interaction term between water quality and exposure time that was close to statistically significant (Table1). Neither water quality nor exposure time affected antibacterial activity of snail haemolymph (Table1, Fig.2B ). PO-like and antibacterial activity of snail haemolymph were not correlated at the individual level (r=-0.032, P=0.810).
M i c r o c o c c u s l y s o d e i k t i c u s E s c h e r i c h i a c o l i
DISCUSSION
Current research in ecological immunology largely leans on studies measuring constitutive immune defences. However, the understanding of the role of inducible components of immune function in host-parasite ecology and evolution is also in high demand. Measuring such defences can be complicated as different parasites and immune elicitors may activate different immune cascades (Janeway et al., 2005) , and furthermore, expression of different immune traits may not be independent (Cotter et al., 2004) . In this study, we examined the suitability of different immune activation techniques for the freshwater snail L. stagnalis. By experimentally challenging snails with different immune elicitors [injection with snail saline (i.e. wounding), lyophilized E. coli cells, lyophilized M. lysodeikticus cells, healthy snail gonad, and trematode-infected snail gonad; maintenance in microorganismenriched water] and measuring PO-like and antibacterial activity of their haemolymph, we found increased immune activity against some immune elicitors, but also decreased activity in some cases. Our findings suggest potentially complicated relationships among immune traits, and we propose suitable techniques for further ecological studies in this study system.
In Experiment 1 (injections with immune elicitors), wounding (i.e. injection with snail saline) increased the PO-like, but not the antibacterial, activity of snail haemolymph compared with uninjected controls. Increased PO-like activity in this treatment is likely to be related to wound healing rather than immune defence as snails were not exposed to any immune elicitors and PO has been reported to be involved not only in immune function but also in wound healing Table1. ANOVAs for the PO-like and antibacterial activity of snail haemolymph by water quality (clean, microorganism-enriched) and exposure time (6h, 2days) in insects (Bidla et al., 2005; Galko and Krasnow, 2004; Lai et al., 2002) .
Interestingly, injections with bacterial (E. coli and M. lysodeikticus) cells led to reduced PO-like activity of snail haemolymph compared with the snails injected with snail saline. This result could take place via two different mechanisms. First, the level of PO-like activity might be reduced if PO is used more rapidly for defence than it is generated. Second, PO-like activity can be downregulated if bacterial injections activate other immune traits which are traded-off with PO-like activity. Increased antibacterial activity was actually observed against injection with M. lysodeikticus cells. This, as well as the negative relationship between PO-like and antibacterial activity of snail haemolymph at the individual level (a phenotypic trade-off), suggests that reduced PO-like activity may be at least partly due to downregulation when other immune traits are activated. However, although injection with M. lysodeikticus cells increased antibacterial activity of snail haemolymph, a similar effect was not observed following an injection with E. coli cells. This is surprising because antibacterial activity of haemolymph was tested against E. coli. It is possible, however, that injection with E. coli cells activates antibacterial defence, but this could not be observed if defence proteins were used to clear bacterial cells with the same speed as they were generated. Alternatively, dynamics of an immune response could differ depending on the bacterial challenge, leading to different activity of immune parameters at the same time point (van der Knaap et al., 1981) . Furthermore, activation of antibacterial defence against E. coli by M. lysodeikticus cells is possible as activation of different immune cascades can be correlated [i.e. defences against both bacteria are activated following an exposure to only one of them (see Imler and Bulet, 2005) ].
Injections with healthy and trematode-infected gonad tissue collected from other snail individuals did not affect PO-like or antibacterial activity of snail haemolymph when compared with the snails injected with snail saline. The lack of responses in the group of snails injected with trematode-infected gonad tissue is unexpected because a strong immune response could be assumed against trematode parasites as they are highly virulent (e.g. Karvonen et al., 2004) and also common in natural snail populations (Väyrynen et al., 2000; Voutilainen et al., 2009 ). However, it is possible that responses are simply not seen in the parameters measured in this experiment if some other defence mechanisms are used against them. Potential candidates for such mechanisms are, for example, reactive oxygen species such as hydrogen peroxide (Bayne, 2009 ) and lectins such as fibrinogen-related proteins (reviewed by Loker, 2010) , which have been reported to be important in snail defences against trematodes in other species. Furthermore, trematodes are known to be able to effectively avoid and supress snail immune function (reviewed by Loker, 2010) , which could also explain the lack of increased immune activity in this study.
In Experiment 2 (exposure to opportunistic microorganisms), maintenance in microorganism-enriched water increased immune activity of snail haemolymph. This effect, however, was only observed in PO-like activity. The lack of response in antibacterial defence is surprising as microorganism-enriched water can be expected to include several different bacteria that could activate snail defences when the microorganisms enter the snails (Rigby and Jokela, 2000) . However, it is possible that activation was not observed if the response was very fast (see van der Knaap et al., 1981) or if defence proteins were used with the same speed as they were generated. The effect of microorganism-enriched water on POlike activity of snail haemolymph was clearer after 6h exposure
The Journal of Experimental Biology 216 (15) compared with the snails maintained in different water quality treatments for 2days. This was because the antibacterial activity of snail haemolymph was at a higher level in individuals maintained in the clean water for 2days than in the snails maintained in the same treatment for 6h. This could be because water quality may also decrease in the clean water treatment when the maintenance time lengthens (i.e. microorganisms start to grow). Contrary to Experiment 1, evidence for a phenotypic trade-off between the examined immune parameters at an individual level was not observed in this experiment. This suggests that such a trade-off may not be strong in our study system and calls for further studies examining its generality.
To conclude, our results showed wide variation in the effects of different immune elicitors on immune activity of snail haemolymph. Furthermore, our findings indicate potentially complicated relationships between different immune cascades as some immune elicitors increased the level of one of the examined immune parameters but did not have an effect on or even reduced the activity of others. In our study system, maintenance in microorganismenriched water seems a suitable method for activating snail immune defence as it increased PO-like activity of snail haemolymph, and is also an easy method to use in large-scale ecological studies. However, use of microorganism-enriched water may not be suitable for experimental designs in which environmental factors potentially affecting growth rate and community structure of microbes (e.g. temperature) are manipulated. In L. stagnalis, injections with immune elicitors can also be useful, but their use needs to be planned based on which immune parameters are in focus in each specific study. This is because none of the examined immune elicitors increased both PO-like and antibacterial activity of snail haemolymph. This highlights also the importance for thorough pretesting as well as careful interpretation of results in ecoimmunological studies using immune activations in other study systems.
